Abstract-Input voltage information is essential for vector control of three-phase active pulse-width modulated (PWM) rectifier. Input voltage sensors impact cost, size and reliability of the PWM rectifier. Existing input voltage sensorless methods either involve extensive mathematical computations to estimate the input voltage or have a control structure significantly different from that of conventional vector control. This work proposes an input voltage sensorless control of PWM rectifier which retains the simplicity of vector control and also reduces the computation requirement. Modelling and analysis of the rectifier system with the proposed phase locked loop (PLL) are presented. The design procedure for the PLL is detailed, and is validated through frequency domain studies. Performance of the proposed method is compared with that of conventional sensor based vector control through simulations and experiments. The responses of both are found to be almost indistinguishable while the proposed method is shown to require reduced computational effort.
I. INTRODUCTION
Pulse width modulated (PWM) rectifier is one of the most extensively used power electronic converters. Unity power factor AC-DC conversion, grid connected photovoltaic system, wind turbine based energy system and uninterrupted power supply are some of the applications where PWM rectifiers are actively used [1] .
A three-phase PWM rectifier (see Fig. 1 ) typically requires five sensors for its operation and control, namely, two ac voltage sensors, two ac current sensors and one dc voltage sensor. The two ac sensors and the dc sensor are also required for protection apart from control of rectifier. But the input ac voltage sensors can be avoided if the control strategy of the rectifier allows sensorless operation. Elimination of the input voltage sensors results in a number of advantages such as reduced hardware component count, reduced development time, increased robustness, reduced cost, reduced sampling requirements and other feedback related problems arising from distortion and offset present in the sensors [2] .
When grid is the ac voltage source to the rectifier, line inductance L is connected between the grid and inverter to reduce the input current ripples. But, when the source is a synchronous generator, the internal inductance is large enough to filter the current ripple. In this case, the equivalent of Hence sensorless operation is mandatory [3] .
Source voltage estimation in [4] , [5] involves calculating inductive filter drop through differentiation which is known for noise-related problems in its implementation. To circumvent the problem due to differentiation, certain voltage terms are integrated to estimate the virtual flux [6] - [9] , which is then used for sensorless control. Integrators also result in dc-drift and saturation problems, requiring low-pass filters (LPF). The phase-delay and attenuation of the signals caused by these LPFs need suitable compensation [6] . Also methods such as adaptive neural estimator [10] and model predictive based control [11] , [12] introduce additional complexity to the design of the control.
The existing input voltage sensorless methods require higher computation effort, more complex control structure and/or additional controllers to be designed/tuned than the conventional sensor-based methods [2] - [12] . This paper proposes a simplified sensorless control method which has a computational requirement even lower than that of the conventional sensor-based method, while providing a comparable dynamic performance. Fig. 2 shows a block diagram of vector controlled PWM rectifier in dq-domain where input voltage vector is aligned to q-axis [13] . Reactive power is controlled by independent control of d-axis current I d . Active power control is achieved by controlling q-axis current I q whose reference I * q is provided by the dc voltage V dc controller. While the inner current control loops have high bandwidth, the outer voltage control loop to regulate V dc has a lower bandwidth.
II. VECTOR CONTROL OF PWM RECTIFIER
Transformation of abc quantities into dq reference frame for vector control requires input voltage vector angle θ. It 978-1-5386-9316-2/18/$31.00 ©2018 IEEE is obtained using a phase-locked loop (PLL) whose block diagram is shown in Fig. 3 .
III. CONTROLLER DESIGN FOR VECTOR CONTROL
Controllers are designed for the system whose parameters are given in Table I . Series resistance of filter inductance R is neglected in the design. Delay T d is considered to be twice the switching cycle (i.e. 1/2f sw ). Each of C i (s), C v (s) and C p (s) is implemented using proportional-integral (PI) controller whose general transfer function is given by
A. Current Controller Design
From the block diagram shown in Fig. 2 , q-axis and d-axis currents can be represented as follows:
Controller C i (s) should be designed such that the desired transfer function T i1 has close to unity gain and zero phase lag over the frequency range of interest. The disturbance transfer function T i2 should have a gain close to zero. Initial approximations of gain K i and zero frequency ω i for C i (s) can be obtained as:
where ω ib is desired current controller bandwidth. Value of ω ib is generally kept 3-10 times lower than the switching frequency. Values of K i and ω i can be varied subsequently about their approximated values to fine tune the performance. Too high a value of K i makes the controller unstable whereas selecting a lower value reduces the controller bandwidth. Similarly, lower value of ω i reduces the frequency range in 
B. Voltage Controller Design
The dc bus voltage can be represented as:
Controller C v (s) should be designed similar to C i (s). Initial estimates of controller parameters are provided in terms of desired voltage controller bandwidth ω vb :
Value of ω ib is between 0.1ω ib and 0.3ω ib . Fig. 5 shows the frequency responses of |T v1 (jω)|, ∠T v1 (jω) and |T v2 (jω)| for three values of ω vb (i.e. 300 rad/s, 600 rad/s and 900 rad/s). Controller parameters that are selected are K v = 0.5 and ω v = 100 rad/s. PLL controller loop, shown in Fig. 3 , is non-linear due to presence of abc-dq transformation block [13] . The block needs to be linearised about the operating point. Considering V m to be the magnitude and θ 0 to be the phase of input voltage vector, abc-dq transformation block provides orthogonal projections of the input voltage vector after rotating it by angle θ in opposite direction. Hence,
Only v sd is used as feedback in PLL. Linearising the block about the operating point θ 0 = θ results in a transfer function of gain V m . Input to this gain is the difference of θ 0 (s) and θ(s). The resulting model of PLL is shown in Fig. 6 .
PLL is supposed to track fundamental component of positive sequence of the input voltage and reject all low-order harmonic content. For this reason, bandwidth of PLL is kept low. But too low a bandwidth is also not desired as θ will take a long time to respond to sudden changes in θ 0 .
Initial approximate values of K p and ω p are given by:
ω p can be kept significantly lower than ω p since bandwidth is largely determined by K p . Frequency response of |T p1 (jω)| and ∠T p1 (jω) for K p = 1 and ω p = 10 rad/s are shown in Fig. 7 . For the chosen values of the parameters, a bandwidth of about 300 rad/s is obtained, which is much lower than ω ib = 3000 rad/s. The input voltages are required only by the PLL for obtaining θ. Since PLL response is relatively slow, high frequency components of the input voltages are not required for the operation of PWM rectifier. The limited frequency information required by the PLL can be obtained from the high bandwidth current control loops as shown in this section.
For the PWM rectifier, as shown in Fig. 1 , the input voltage equations in dq-domain are given by [10] 
Here, all the voltages and currents are dc quantities in steady state. Hence, last terms in (12) and (13) are zero except during transients. These transients exist for too low a duration for the PLL to respond. Even during transients, magnitude of these terms are insignificant as compared to other terms. Resistive drop is also practically negligible and can be ignored [9] . For the purpose of estimating the input voltage required for the PLL operation, the following equations are proposed to be used:
As actual inverter voltage is the reference inverter voltage delayed by a small time (not more than two switching cycles), the q-axis and d-axis voltages can be approximated as follows:
The derivative terms in (12) and (13) can be safely neglected as the bandwidth of PLL is around one order lower than that of current control loop. For the purpose of calculating θ, v sd as obtained from (15) can be directly fed to the PI controller of PLL, as shown in Fig. 8 . Complete linearised model of the proposed PLL, as shown in Fig. 9 , can be obtained by combining block diagrams from Fig. 2 and Fig. 8 . It can be shown that angle θ in the proposed PLL can be expressed as
Bode plot of T p2 (s) is also shown in Fig. 7 along with that of T p1 (s). The gain and phase plots of T p2 (s) match with those of T p1 (s) for frequencies lower than the bandwidth ω pb . Magnitude plots of T p3 (s) and T p4 (s) are shown in Fig. 10 . It can be seen that gains of these are negligible for I * d (s) and ωLI q (s) to affect the output of PLL. Hence, the performance of the modified PLL is expected to be close to that of conventional sensor based PLL.
V. SIMULATION AND EXPERIMENTAL RESULTS
Performance of PWM rectifier controlled using the proposed sensorless vector control method is compared with that of conventional sensor based vector control through simulations and experiments. Hardware and control parameters of the system, as discussed in Section III, for simulations as well as experiments are as given in Table I .
Simulations are conducted using MATLAB-Simulink. For experiments, a general-purpose PWM stack, as mentioned in [14] , is used as rectifier. Control of the rectifier is implemented using a Texas Instruments (TI) DSP, TMS320F28377S [15] . Fig. 11(a) shows the responses of PLL output θ, dc voltage v dc , q-axis current i q , d-axis current i d and three-phase input current for different transients for sensor based PWM rectifier. Fig. 11(b) shows the corresponding transients responses for the proposed sensorless control. Initially, the rectifier is at no load. The responses of the sensor-based and sensorless rectifiers are almost identical to one another. Decoupled control is observed in both cases.
A. Simulation Results

B. Experimental Results
Experimental responses of PLL output θ, dc voltage v dc , qaxis current i q , d-axis current i d and three-phase input currents corresponding to the simulation responses in Fig. 11(a) are shown in Fig. 11(c) . Plots in the figure are as obtained through Digital to Analog Converter (DAC) channels of the DSP. The experimental transient responses obtained are similar to those obtained through simulations. Fig. 11(d) shows the responses of sensorless rectifier corresponding to those of sensor based rectifier in Fig. 11(c) . Steady state three-phase input current waveforms as measured by hall-effect current probes, along with angle θ, for v * dc = 700 V at no load and i * d = −5 A for sensor based rectifier and sensorless rectifier are shown in Fig. 12(a) and Fig. 12(b) , respectively. Phase angle shown in Fig. 12(b) is as obtained through sensorless PLL. There is no significant difference between the two plots.
Computation time per switching cycle taken by the DSP for sensor based operation is found to be 24.28 μs. This time includes Analog to Digital Conversion (ADC), abc-dq transformation of voltage and current, dq-abc transformation of inverter reference voltages, and execution times of PLL, voltage control loop and current control loop. The corresponding time taken for sensorless operation is 22.31 μs. Computation time for sensorless operation is lower than that for sensor based operation on account of reduction in number of analog to digital conversions and elimination of abc-dq transformation of input voltage.
VI. CONCLUSION A simplified input voltage sensorless control for PWM rectifier is proposed in this paper. The proposed method achieves sensorless operation by making simple modification to the conventional sensor-based vector control. Instead of sensing the input voltages for obtaining the synchronously rotating phase angle, input voltages are estimated directly in dq-domain only through algebraic equations. Unlike the existing sensorless control methods, the proposed method does not require extensive mathematical computations. It retains the performance of the sensor-based control without any additional controller design. Computation time required by the proposed control is even lower than that for the sensor-based control.
